ABSTRACT: A new class of polybenzoxazine/montmorillonite (PBz/MMT) nanocomposites has been prepared by the in situ polymerization of the typical fluid benzoxazine monomer, 3-pentyl-5-ol-3,4-dihydro-1,3-benzoxazine, with intercalated benzoxazine MMT clay. A pyridine-substituted benzoxazine was first synthesized and quaternized by 11-bromo-1-undecanol and then used for ion exchange reaction with sodium ions in MMT to obtain intercalated benzoxazine clay. Finally, this organomodified clay was dispersed in the fluid benzoxazine monomers at different loading degrees to conduct the in situ thermal ring-opening polymerization. Polymerization through the interlayer galleries of the clay led to the PBz/MMT nanocomposite formation. The morphologies of the nanocomposites were investigated by both X-ray diffraction and transmission electron microscopic techniques, which suggested the partially exfoliated/intercalated structures in the PBz matrix. Results of thermogravimetric analysis confirmed that the thermal stability and char yield of PBz nanocomposites increased with the increase of clay content. 
INTRODUCTION Polybenzoxazine (PBz) is newly developed phenolic resin with interesting physical and mechanical properties. 1, 2 Besides providing sophisticated features, these thermosets possess the excellent properties of traditional phenolic resins such as heat resistance, good electrical properties, and flame retardance. Conventional phenolic materials from either novolac or resole type resins suffer from the common shortcomings such as microvoid and byproduct formation and need harsh catalysts to initiate the polymerization. PBz not only overcomes these problems but also offers many advantages for use in electronic components, adhesives, coatings, composites, and among others. [3] [4] [5] Many strategies have been developed with the aim of expanding the scope and circumventing the limitations of benzoxazine resin, especially in view of possible industrial applicability. These include (i) synthesis of benzoxazine monomers with additional functionality, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] (ii) incorporation of benzoxazine in polymer chains, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] and (iii) synthesis of benzoxazine-based composites or alloys. [32] [33] [34] [35] [36] [37] [38] [39] Polymer/clay nanocomposites have been studied extensively because a small amount of well-dispersed clay layers in the polymer matrix can improve its mechanical and thermal properties. [40] [41] [42] There are three methods for the preparation of polymer/clay nanocomposites: solution exfoliation, melt intercalation, and in situ polymerization. 43 In situ polymerization is the best and mostly used way to prepare the nanocomposites because these types of nanofillers and polymer precursors can be varied to get the enhanced properties. [44] [45] [46] [47] [48] [49] [50] PBz/montmorillonite (PBz/MMT) nanocomposites can be produced by either melt blending or solution mixing techniques using a PBz precursor and organically modified MMTs. 15, 35, [51] [52] [53] [54] [55] [56] [57] However, these techniques do not yield well-dispersed homogeneous layered silicates in the PBz matrix due to the partial incompatibility of organomodified clays. In the present work, we synthesized a quaternary pyridine-functionalized benzoxazine, which can be directly intercalated into the silicate layers by ion exchange reaction. In situ polymerization of mixing intercalated and virgin fluid benzoxazine monomers leads to PBz/MMT nanocomposites, which are formed by partially exfoliated/intercalated nanolayers in the polymer matrix.
RESULTS AND DISCUSSION
Synthesis and Quaternization of 6-Methyl-3-(pyridin-4-yl)-3,4-dihydro-1,3-benzoxazine Based on the fact that quaternized ammonium ions can exchange with sodium ions of clay, first benzoxazine monomer with a quaternizable moiety, namely 6-methyl-3-(pyridin-4-yl)-3,4-dihydro-1,3-benzoxazine (BPy), was synthesized by the reaction of pyridine-4-amine, p-cresol, and p-formaldehyde in the presence of acetic acid. As the quaternizable moiety, pyridine was deliberately selected so as to prevent possible side reactions during benzoxazine synthesis. For the successful synthesis of BPy, addition of acetic acid was essential. Without adding acetic acid, a complex mixture containing a small amount of BPy (less than 10% by 1 H NMR analysis) was obtained. This can be due to the high basicity of pyridine-4-amine, which can catalyze condensation of aromatic compounds (involving p-cresol and formed BPy) with formaldehyde. By adding acetic acid, the reaction system was neutralized, leading to the successful suppression of side reactions. At the same time, the reaction was retarded seriously. However, due to the absence of byproducts, purification was quite facile, just by removing unreacted pyridine-4-amine by column chromatography followed by recrystallization.
The structure of BPy was confirmed by spectral and thermal analyses. As can be seen from Figure 1 The quaternization of BPy (qBPy) was carried out by 11-bromo-1-undecanol, and its chemical structure was confirmed by both 1 H NMR and FTIR analyses (Scheme 1). As can be seen in Figure 1 , typical (CH 2 ) protons of the aliphatic chain were appeared at 1-2 ppm, whereas (CH 2 ) protons of oxazine ring were shifted from 4.6 and 5.3 to 4.8 and 5.5 ppm. The characteristic absorptions at 2922, 1506, and 1230 cm À1 are assigned to the CH 2 , aromatic ring, and CAOAC vibrations of benzoxazine structure, whereas the increase of peak at 2922 cm À1 indicates a successful quaternization of the benzoxazine monomer (Fig. 2) .
Preparation of Intercalated Monomer (qBPy-MMT)
Organomodified clay (qBPy-MMT) was prepared by cationic exchange of sodium MMT (Na-MMT) with qBPy in distilled water at 50 C (Scheme 2). The characteristic peaks of benzoxazine were remained, and a new peak at 1005 cm À1 was appeared due the SiAOAAl stretching of layered silicates. Gallery distances (basal space, d 001 ) of pure clay and organoclay (NaMMT and qBPy-MMT) were determined by X-ray diffraction (XRD) analysis (Fig. 3) . The pristine clay sample exhibited a peak at 7.44 , which corresponded to a basal space (d 001 ) of 1.18 nm and this peak shifted to 4.65 , which corresponded to d 001 of 1.88 nm. This change indicated that the qBPy was successfully intercalated into the silicate galleries of the MMT clay. Larger interlayer spaces could help the diffusion of fluid benzoxazine monomers as well as the exfoliation of nanocomposites by providing more hydrophobic environment.
Preparation of PBz/MMT Nanocomposites Fluid benzoxazine, 3-pentyl-5-ol-3, 4-dihydro-1, 3-benzoxazine, was deliberately chosen to enhance monomer diffusion into the clay interlayer. This monomer was blended with different intercalated clay loadings (1, 3, 5, and 10% by weight) by mechanical stirring. The cast films were cured at 240 C for 3 h in air oven for the thermal ring-opening polymerization of benzoxazines. The growing PBz chains in the silicate XRD patterns for the PBz/MMT nanocomposites formed by varying the clay contents were shown in Figure 3 . After the polymerization, the diffraction peak at 4.65 was completely disappeared in the nanocomposite sample containing 1% clay loading, whereas this peak was remained in three nanocomposite samples containing 3, 5, and10 % clay loading. These data suggested that nanocomposites with higher clay loading than 1% have partially intercalated structures, however, XRD measurements alone are not conclusive for determining the true structures and distributions of the silica platelets; thus, we turn our attention to transmission electron microscopic measurements. Figure 4 displays TEM images of all nanocomposites. The dark lines represent the silicate layers; about 1.0 nm thick and from 50 to 100 nm in lateral dimension, which are oriented perpendicularly to the slicing plane. The platelet layers for the both nanocomposite samples are a mixture of fully exfoliated (white circles) and intercalated (white squares) structures. Although the XRD showed no peak for nanocomposite with 1% clay loading, the TEM revealed a mixture of intercalated and exfoliated structures in the nanocomposite. Based on the XRD and TEM results, it could be concluded that partially exfoliated/intercalated structures were achieved in all PBz/MMT nanocomposites.
Thermal Behavior
Thermal behavior of starting materials, BPy, qBPy, and qBPy-MMT, was investigated by DSC, and the profiles were shown in Figure 5 . The BPy monomer exhibited two endothermic and one exothermic peaks corresponding two different crystal structures or liquid crystalline behavior in the molten state and ring-opening reaction. After quaternization, qBPy, the exothermic polymerization peak with maximum at 303 C was broadened toward low temperature onset, whereas thermal activation temperature slightly decreased due to the presence of alcohol group. [58] [59] [60] This tendency was in good agreement with the behavior of alkyl substituent on para-position of arylamine-based benzoxazine in the literature. 61 DSC thermogram of qBPy-MMT indicates a much broader exotherm at 303 C because of the catalytic effect of the silicate layers on the ring-opening polymerization of benxozazine.
The catalytic effect of clay content on the ring-opening behavior of benzoxazines was also investigated by DSC studies using various qBPy-MMT loadings. An exothermic peak of ring opening of fluid benzoxazine in the absence of clay was detected starting from 200 C with maximum at 256 C, while onset and maximum temperatures of benzoxazine with 5% Na-MMT shifted to lower temperatures 195 and 251 C, respectively (Fig. 6) . The similar trend along with the increase of clay content was also observed in the qBPy-MMT samples (Fig. 7) . 53 Moreover, even 1% of qBPy-MMT clay was enough to lower the polymerization temperature of the fluid benzoxazine.
The cure progress of benzoxazine loading with 10% qBPy-MMT sample was examined by varying curing temperature using both DSC and FTIR measurements. As shown in Figure 8 , the uncured blend exhibits three broad exotherms with maximum temperatures at 206, 255, and 300 C. The low temperature exotherm, which is centered at 206 C, can be explained as the accelerated ring opening of oxazine by protons of alcohol functionality. 58 After curing at 150 C, this peak disappeared completely, whereas the main benzoxazine The FTIR spectra of fluid benzoxazine loaded with 10% qBPy-MMT after various curing stages were shown in Figure 9 . Decrease of characteristic absorption bands of benzoxazine with higher cure temperature was observed at 1502 and 963 cm À1 (trisubstituted benzene), 1362 cm À1 (CH 2 of benzoxazine ring), and 1225 cm À1 (ether linkage of benzoxazine). Besides, a new peak was appeared at 1472 cm À1 due to the tetrasubstituted benzene ring, suggesting that the ring opening took place to afford PBz. The absorption at 1002 cm À1 presented in all stages clearly indicated that the incorporation of a layered silicates framework into PBz network. Moreover, Figure 9 also showed the presence of aliphatic absorption peaks even at 260 C curing temperature.
Thermal gravimetric analyses were also performed to examine the thermal stability of PBz/MMT nanocomposites. Typical TGA curves for virgin PBz and its nanocomposites were shown in Figure 10 , and the overall results were converted into weight residue at different temperatures versus clay content (Fig. 11) . Although the degradation onset of the nanocomposites was improved by the inclusion of the qBPy-MMT, the clay content did not affect the first degradation temperature of the nanocomposites. But, the thermal stabilities of the nanocomposites were increased by clay contents at elevated temperatures. This behavior was clearly realized when 60% weight loss occurred with different clay contents. The 60% weight loss for the nanocomposites containing 5 and 10% qBPy-MMT was detected at 476 and 556 C.
The weight loss temperatures of PBz/MMT nanocomposites with various clay contents were also summarized in Table 1 .
The char yield at 900 C is increased from 16 to 35% by increasing qBPy-MMT contents in the nanocomposites. It can be concluded that all PBz/MMT nanocomposites exhibited a delayed decomposition behavior compared with the neat PBz resin.
EXPERIMENTAL

Materials
Na-MMT (Cloisite Na þ ) was purchased from Southern Clay products with cation exchange capacity (CEC) of 92.6 mequiv/100 g and used as received. p-Cresol (99%; Wako Pure Chemical Industries), pyridine-4-amine (99%; Tokyo Chemical Industry), p-formaldehyde (95%; J.T. Baker), acetic acid (99.7%; Wako Pure Chemical Industries), 11-bromo-1-undecanol (96%; Alfa Aesar), sodium hydroxide (99%; Riedel-de Haen), anhydrous magnesium sulphate (99.5%; Alfa Aesar), 1,4-dioxane (!99%; Aldrich), chloroform (99þ%; Acros), and n-hexane (95%; Carlo Erba) were used as received. Acetone (99%; Carlo Erba) was purified by distillation over calcium hydride. 3-Pentyl-5-ol-3,4-dihydro-1,3-benzoxazine was synthesized as described previously from phenol, p-formaldehyde, and 5-amino-1-pentanol.
59,60
Synthesis of BPy
In a 100-mL round-bottomed flask, pyridine-4-amine (940 mg, 10 mmol), p-cresol (1.08 g, 10 mmol), acetic acid (0.60 g, 10 mmol), paraformaldehyde (purity 95%, 6.3 g, 20 mmol), and toluene (50 mL) were placed and heated with refluxing for 48 h. After cooling to room temperature, the reaction mixture was washed with 1.5 M NaOH aq. (100 mL, three times) and brine (100 mL, three times). The organic layer was dried over anhydrous MgSO 4 , filtered, and concentrated under reduced pressure. The resulting residue was then fractionated by silica gel column chromatography with using acetone as an eluent to obtain crude BPy as a yellow solid. Recrystallization of the crude BPy from a mixture of acetone and n-hexane (volume ratio ¼ 
Quaternization of BPy
In a 25-mL round-bottomed flask, 150 mg (0.66 mmol) of BPy and 167 mg (0.66 mmol) of 11-bromodecane-1-ol were dissolved in 5 mL acetone and stirred at room temperature for 4 days. The crude product was collected as white precipitate by filtration and recrystallized from n-hexane affording to qBPy: Yield: 60%. m. 
Preparation of Intercalated Monomer (qBPy-MMT)
An aqua solution was prepared by dissolving 120 mg, 0.251 mmol of qBPy in 40-mL distilled water and heated to 50 C for 1 day. To this solution, a suspension of 181 mg of Na-MMT in 30 mL distilled water was added. The mixture was diluted to 400 mL and stirred for 2 days, and the resultant precipitate was collected by filtration. The filtrate was washed with hot water several times and once with methanol and dried in vacuum: Yield: 68%.
Preparation of PBz/MMT Nanocomposites
Various amounts of qBPy-MMT (1, 3, 5, and 10% by weight) was added to the 3-pentyl-5-ol-3,4-dihydro-1,3-benzoxazine on a glass plate that was pretreated with dichloromethylsilane. The blends were mechanically stirred at 50 C and cured at 240 C for 3 h each in air oven to form nanocomposites. F30 instrument operating at an acceleration voltage of 200 kV. About 100-nm ultrathin TEM specimens were cut by using cryo-ultramicrotome (EMUC6 þ EMFC6, Leica) equipped with a diamond knife. The ultrathin samples were placed on copper grids for TEM analyses.
CONCLUSIONS
In conclusion, PBz/MMT nanocomposites have been prepared by the in situ thermal ring-opening polymerization of the fluid benzoxazine with intercalated benzoxazine monomers. The organomodified clay can be readily obtained from the structurally designed benzoxazine monomer. Thermal ring-opening polymerization of benzoxazines through the interlayer galleries leads to nanocomposites formations, which are formed by individually dispersing inorganic silica nanolayers in the polymer matrix. In terms of morphology, partially intercalated/exfoliated nanocomposites are evidenced by both the XRD and TEM measurements. DSC studies indicate that the ring opening of the benzoxazines in the presence of clay to form the nanocomposites occurs at relatively lower temperatures. All nanocomposites have higher thermal stabilities relative to that of the neat PBz. The char yields increased on increasing the clay content.
